Abstract. The chemopreventive efficacy of Targretin was evaluated in various rodent cancer models. In the rat model of 4-hydroxybutyl(butyl)nitrosamine (OH-BBN)-induced urinary bladder cancer, it was found that Targretin administered in the diet (beginning one week after the last OH-BBN treatment) for 5.5 months increased the number and size of urinary bladder cancers. In the azoxymethane (AOM)-induced model of colon carcinogenesis (in which rats develop minimally invasive colonic cancers), Targretin was ineffective as a chemopreventive agent, decreasing neither tumor incidence nor multiplicity. Treatment of Min mice with Targretin for 45 days similarly failed to decrease the multiplicity of small intestinal tumors. Similarly, no preventive efficacy was noted for Targretin when the incidence of tumors in the head and neck model (squamous cell tongue tumors) induced by 4-nitroquinoline 1-oxide (4-NQO) were examined. In contrast, use of even a suboptimal dose of Targretin (40 ppm) in a sensitive breast cancer model [methylnitrosourea (MNU)-induced ER + mammary cancers] reduced cancer multiplicity by 60%. Finally, based on the hypothesis that Targretin may decrease the expression of COX-2, the effects of Targretin and COX inhibitors were compared in these models. There was minimal overlap of efficacy. That is, models which were relatively susceptible to NSAIDs or COX-2 inhibitors tended not to be sensitive to Targretin and vice versa.
Introduction
The RXR agonist Targretin interacts with a group of nuclear receptors designated RXR receptors which are present in most cells in the body. These RXR receptors can then interact with and form heterodimers with the widest range of nuclear receptors (PPAR, CAR, PXR, RARs, TXR and VDR) (1) . The resulting heterodimers initiate the activation of a wide variety of genes. Because of the wide range of physiological changes induced by RXR agonists, it was initially anticipated that they would prove useful as a generalized cancer prevention strategy (2) . This hope was further supported by the fact that the retinoids (all-trans-retinoic acid, 13-cis-retinoic acid) which bind to RARs and in turn form heterodimers with RXRs, are active against a number of cancers including acute promyelocytic leukemia and squamous cell cancers of both the head and neck and skin (3, 4) . However, this class of agents was limited by certain toxicities associated with RAR activation; including cutaneous toxicities. Early studies with the RXR agonist Targretin showed it to be highly active in a variety of cell lines in culture (5) . Although in vivo experiments with this class of agents are more limited, Targretin and other RXR agonists have been shown to be highly effective in preventing both ER + and ER -mammary tumors in animal models (6, 7) . With respect to the ER positive tumors, Targretin proved to be not only a preventive agent but was a highly effective therapeutic agent as well (6) . Our laboratory, and others, has subsequently found that Targretin is active in mouse models of lung adenocarcinomas (8) , as well as mouse models of squamous cell and small cell cancer of the lung (9) . When taken together, these data suggest that Targretin might be useful in a wide variety of cancers. Furthermore, there have been review articles presented in the general literature which propose that the RXR agonists may be active in a variety of cancers (10) .
In the present study, we aimed to expand the evaluation of the efficacy of Targretin to additional models of carcinogenesis. The urinary bladder (11) , head and neck (12) , colon/ intestine (13, 14) and mammary (6) models have been employed previously to examine the efficacy of a variety of potential chemopreventive agents. Interestingly, it was proposed recently that some of the efficacy of the RXR agonists in the mammary gland may be due to inhibition of COX-2 expression 
Materials and methods
Chemicals. Targretin (bexarotene, LDG1069) was obtained from the Division of Cancer Prevention, Chemical Repository, National Cancer Institute.
Urinary bladder cancer model. This model has been previously described (11, 16) . The carcinogen hydroxybutyl(butyl)nitrosamine (OH-BBN) was purchased from TCI America (Portland, OR). OH-BBN (150 mg/gavage) was administered twice a week for 8 weeks beginning when the female Fischer-344 rats were 56 days of age. The carcinogen was administered (1.0 ml by gavage) in ethanol:water (25:75, v/v) . One week following the last dose of OH-BBN, the animals received Targretin supplemented in the diet (Teklad, 250 or 100 ppm). The mash diet-Targretin mixture was prepared using a Patterson-Kelly blender with an intensifier bar. The rats received this diet until the end of the study (for 5.5 months). Animals were observed daily, weighed weekly, and palpated for urinary bladder masses twice a week. Rats were sacrificed when they developed a large palpable bladder lesion or were observed to have bloody urine. At necropsy, urinary bladders were inflated with 10% buffered formalin. After fixation, the bladder was observed under a high intensity light for gross lesions. Each lesion was dissected and processed for pathological classification. The multiplicity and weight of the urinary bladder tumors were determined at the end of the study. (13) . Five weeks later, the rats were randomly assigned to the following three treatment groups of 40 animals each: 0, 50 and 150 ppm Targretin in their diet. The rats were sacrificed at 44 weeks after the first injection of AOM. At necropsy, the colons were excised, cut along the longitudinal axis, flushed with cold saline, and evaluated for tumors. The tumors were fixed in 10% buffered formalin, embedded in paraffin, and stained with hematoxylin and eosin for histopathological evaluation. Colon tumor multiplicity was analyzed by an ANOVA followed by the Bonferroni t-test, using a P-value <0.05.
Intestinal tumors in Min mice.
Male Apc +/Min-FCCC mice (8-weeks old) were obtained from the Laboratory Animal Facility at the Fox Chase Cancer Center (FCCC) and were acclimated to a modified AIN-76A semi-purified diet for one week prior to starting treatment with Targretin (14) . At 9 weeks of age, mice were randomized to receive control diet or diet supplemented with 400 or 600 ppm of Targretin (N=10/ group). The experimental diets were prepared in the laboratory biweekly and stored at -20˚C. Body weights were recorded weekly to monitor toxicity. Animals were maintained on the experimental diets ad libitum for 45 days.
Mice were sacrificed at the end of the experiment. Gross lesions were counted and recorded. Adenomas were defined as circumscribed neoplasms composed of tubular and/or villous structures and lined with dysplastic epithelium. Cancers had to meet three criteria: i) invasion into at least the submucosa; ii) eliciting a desmoplastic reaction; and iii) exhibiting cytological features of neoplasia. Body weights and tumor multiplicities were compared among treatment groups using the Wilcoxon Rank Sum test. The P-values of the pairwise comparisons were adjusted using the Bonferroni multiple comparisons.
Squamous cancers of the head and neck. Male Fischer-344 rats were obtained from the NCI Frederick animal facility. Beginning at 8 weeks of age, rats were exposed to drinking water containing 20 ppm 4-NQO (Aldrich Chemical Company, Milwaukee, WI) for a period of 10 weeks. Treatment with Targretin was initiated one day after the final administration of 4-NQO. Animals were monitored daily and weighed twice a week. The rats were sacrificed if they lost weight for Table I . Effect of Targretin on hydroxybutyl(butyl)nitrosamine (OH-BBN)-induced urinary bladder lesions in female Fischer-344 rats. Average number of bladder lesions at the end of the study (5.5 months after the last OH-BBN treatment).
Urinary bladder lesions
d Urinary bladders with lesions were weighed at the time of sacrifice of the rats. In non-carcinogen-treated rats, the average urinary bladder weighed 90 mg.
two successive weeks. The remaining rats were sacrificed 18 weeks following the last administration for 4-NQO. All rats underwent a complete necropsy that focused on the tongue, oral cavity and gastrointestinal tract. More specific details regarding the assay are presented by McCormick et al (12) .
Mammary cancer model. The carcinogen methylnitrosourea (MNU) was obtained from the National Cancer Institute Chemical Repository. Female Sprague-Dawley rats were obtained from Harlan Laboratory, Inc. (Indianapolis, IN), and were administered the carcinogen (75 mg/kg BW) by IV injection at 50 days of age (6) . Five days after MNU, the animals received a diet (Teklad) supplemented with Targretin (40 ppm). The animals received this diet until termination of the study at 126 days after MNU. The rats were weighed once a week, palpated for mammary tumors twice a week, and observed daily for signs of toxicity. Mammary tumors were excised, weighed, and processed for histological classification at termination of the study. Differences in cancer multiplicity were determined by the Armitage test.
Animal use approvals. All animal experiments were conducted in facilities at the Fox Chase Cancer Center, IIT Research Institute, Ohio State University, and the University of Alabama at Birmingham following the procedures approved by the Institutional Animal Care and Use Committee of the respective institutions.
Results

OH-BBN-induced urinary bladder cancer.
One week following the last administration of OH-BBN, the animals were administered Targretin in the diet (at either 250 or 100 ppm). The rats were observed for urinary bladder tumors for an additional 5.5 months. Based on palpable urinary bladder masses, tumors developed more rapidly in those rats receiving Targretin. This was confirmed at termination of the study when the size of the urinary bladder plus lesions was significantly larger in the Targretin-treated rats. As indicated in Table I , the weights of the bladder lesions were 97 and 50% greater than the controls at the high and low doses of Targretin, respectively. After histological classification, an increase in the number of transitional cell carcinomas was also observed in the rats receiving Targretin at the low dose.
Colon cancer in rats. The number of colon lesions observed in rats in each treatment group is summarized in Fig. 1 . No significant difference was observed in the number of colon cancers in Targretin-treated vs. control animals. In fact, the mean multiplicity of colonic tumors was higher in the treated group, although not significantly, as compared to untreated controls.
Intestinal tumors in MIN mice. The survival rate for mice receiving diets supplemented with 0 ppm (control), 400 and 600 ppm Targretin was ≥90%. While a high rate of survival was observed among animals administered Targretin, the body weights of Targretin-treated animals remained stable while those of control animals increased gradually over time as anticipated. The body weights of animals administered Targretin at 400 and 600 ppm were significantly decreased relative to controls at the end of the study (P≤0.01 by the Wilcoxon Rank Sum test).
The number of small intestinal lesions observed upon histopathological evaluation of mice in each treatment group is summarized in Table II . No significant difference was observed in the number of small intestinal lesions present in Targretin-treated vs. control animals (P=0.134) by the Wilcoxon Rank Sum test). In fact, the mean multiplicity of small intestinal tumors was higher in both treated groups, although not significantly, as compared to untreated controls.
Head and neck cancers. Results in the head and neck model (Table III) showed that Targretin (100 or 250 ppm) administered beginning at week 10 or week 16, failed to decrease either the incidence or degree of invasion of squamous cell cancers of the tongue.
Mammary cancers. In this mammary model, the cancers induced by MNU are ER + . As shown in Fig. 2 , in the carcinogen-treated only group mammary cancers became palpable at 35-40 days after MNU, and increased rapidly throughout the Figure 1 . Effect of Targretin on AOM-induced colon tumors. Male Fischer-344 rats (5-6-weeks old) were administered 15 mg/kg BW AOM once a week for three consecutive weeks. Five weeks later, the rats (40 per group) were randomly assigned to treatment groups receiving: 0, 50 or 150 ppm Targretin in their diet. The rats were sacrificed at 44 weeks after the first injection of AOM and tumor counts determined as previously described (13). remainder of the study. The administration of even a suboptimal dose of Targretin (40 ppm) greatly delayed the time of appearance of the mammary cancers. At the end of the study, the number of mammary cancers was decreased by Targretin from 5.2 tumors/rat in the controls to 2.7 (a 52% decrease). A significant decrease (61%) in the weight of the mammary cancers was also observed. Thus, based on latency period, multiplicity, and cancer weight, Targretin at this relatively low dose was highly effective in preventing ER + mammary cancers. Table IV , we have compared the relative efficacy of NSAIDs, celecoxib or Targretin for their ability to inhibit cancer formation in various models. The data on Targretin are based on the experiments in this study and on previously published studies performed by the authors. The data on the NSAIDs and celecoxib is from a previously published review study by the authors which itself references the various primary studies. The major finding is that there is minimal overlap between efficacy of Targretin and the various COX1/2 inhibitors (NSAIDs and celecoxib). Thus, Targretin was highly effective in models of breast cancer, whereas NSAIDs showed no activity and celecoxib showed limited (albeit occasionally significant) activity. In contrast, the NSAIDs and Coxibs were highly effective in models of urinary bladder, colon/intestine, and head and neck tumors, while Targretin was ineffective in all these models. Thus, there are three points to be made regarding the data: i) there appears to be minimal overlap between the two classes of agents Table III . Influence of Targretin on the incidence and invasiveness of NQO-induced squamous cell carcinoma of the oral cavity in Fischer-344 rats.
Comparison of the efficacy of NSAIDs/celecoxib and Targretin in various models. In
A, Influence of Targretin on the incidence of squamous cell carcinoma of the oral cavity The data with NSAIDs and celecoxib in urinary bladder, AOM colon and Min intestine are based on a recent report (27) . The data on the head and neck model are from ref. (Targretin vs. NSAIDs/celecoxib); ii) there is a close correlation between NSAIDs and celecoxib; iii) it shows clearly that no single compound or class of compounds is likely to be highly effective against the widest range of cancers.
Lesion no. (% incidence) ---------------------------------------------------------------------------------------------------------------------
------------------------------------------------------------------------------------------------------ Agent (mg/kg diet) (weeks) +1 +2 +3
Efficacy of agents ------------------------------------------------------------
Discussion
Targretin is the only clinically approved RXR agonist for cancer, and has been employed in the treatment of both cutaneous lymphomas and NSCLC (17, 18) . The RXR receptors form heterodimers with a variety of nuclear receptors (PPARs, CAR, LXR, RARs, VDR and TXR) (1). Although they form heterodimers with the VDR, RARs and the thyroxin receptor, they form permissive heterodimers with many other receptors including PPARs, CAR and LXR. Permissive heterodimers respond both to ligands or agonists for the cognate receptor (e.g., rosiglitazone/PPARγ) as well as RXR agonists. Thus, exposure to the RXR agonists alone induces some of the same responses as those observed following addition of ligands/agonists for the cognate receptor. Presumably this is accomplished by interaction with an endogenous agonist for the respective receptor. Treatment of rats with RXR agonists causes many of the same effects in the liver as treatment with PPARα agonists or CAR agonists (19) . Since RXRs form permissive heterodimers with a wide variety of receptors and their functions are purported to be involved in a wide variety of cancers, it implies that the RXR agonists may be effective preventive agents in a wide variety of cancers (10) .
In preclinical chemopreventive studies, Targretin and certain other RXR agonists have proven to be profoundly effective in preventing ER + tumors in rats and ER -mammary tumors in transgenic mice. In fact, this efficacy is not limited to Targretin but, as we have demonstrated, extends to a variety of RXR agonists in that model (20) . As can readily be seen (Fig. 2 ), Targretin at a suboptimal dose of 40 ppm increased the latency and decreased the multiplicity of mammary cancers. Our laboratory, and more recently others, have shown that Targretin was effective in blocking formation of lung adenomas and adenocarcinomas in mice (8, 21) . More recently, we have found Targretin to be profoundly effective in prevention of small cell lung cancer in a transgenic model in which both p53 and Rb are knocked out (9) . Thus, in at least two organ sites, Targretin appeared to be highly effective. We wished to expand this investigation to a number of other organ sites and models which are commonly used in preclinical prevention studies. The models examined included: i) OH-BBN induced invasive bladder cancers in rats; ii) 4-NQO induced squamous cells cancers of the tongue in rats; iii) AOM induced minimally invasive colon cancers in rats; iv) and intestinal tumors that arise spontaneously in Min mice (which bear a germline APC mutation). The OH-BBN induced urinary bladder cancers of the rat show many of the gene and protein expression changes associated with human urinary bladder cancer; e.g., increased levels of COX-2, survivin, cyclin D1, EGFR, and decreased levels of FHIT (22) . The tumors have similarities to invasive bladder cancer in humans as examined by array analyses (23) . The AOM model in rats and the Min model in mice both have alterations in the Wnt pathway (APC and β-cateinin) and have significant overlap; as determined by microarrays with human colon cancer which similarly is driven by the same alteration (APC mutations) (24) . Finally, the squamous cell carcinomas of the tongue appear histologically similar to human cancers of the head and neck (13) . However, there have been more limited molecular comparisons. All of these models have been used to screen for potential chemopreventive agents.
OH-BBN is an organ specific carcinogen that induces urinary bladder cancers both in mice and rats. We have previously shown that a variety of agents are highly effective (naproxen, celcecoxib, Iressa and lapatinib) when initiated in this model late in tumor development (16) . Surprisingly, Targretin significantly increased the incidence and size of tumors that developed in this model; as shown in Table I . These data are similar to our recent finding that the PPARγ agonist rosiglitazone promotes urinary bladder cancer formation in this model (25) . As mentioned above, RXR agonists may have many similar physiologic effects as the administration of PPAR or CAR agonists. Thus, the effect may be mediated by the PPARγ heterodimer formation.
Targretin was evaluated in the 4-NQO induced model of head and neck cancer in rats for preventive activity. The tumors appear histologically similar to more advanced cancers of the head and neck in humans (12) . It was observed that Targretin (250 or 100 ppm) failed to decrease both the incidence of invasive tumors of the tongue and the relative degree of invasion.
The preventive effects of Targretin were also evaluated in two models of colon/intestinal cancer; the rat AOM induced model and the Min mouse model. Min mice have a germ line mutation in the APC gene; thus, serving as a model of intestinal carcinogenesis. Min mice develop multiple small intestinal tumors, but also develop a limited number of colonic tumors. This model has proven to be highly responsive to COX-2 inhibitors and ornithine decarboxylase (ODC) inhibitors (26) . As shown in Table II , Targretin failed to inhibit the formation of intestinal tumors, and in fact may have slightly increased the formation of these lesions. The other model employs the organ specific carcinogen AOM. The resulting tumors routinely develop mutations in the APC/β-cateinin pathway and, thus, are similar to human cancers. In both cases, chemopreventive efficacy with Targretin was not observed.
Overall, Targretin (and possibly other RXR agonists) was ineffective in a variety of relatively standard rodent tumor models. This includes urinary bladder, colon/intestine, and head and neck. In contrast, this agent was highly effective as a preventive agent in ER + and ER -mammary cancers (6,7) and has shown activity in animal models of lung cancer; including lung adenocarcinomas and small cell cancer of the lung (8, 9) . However, there is one particularly interesting aspect of these results that warrants some comment. One of the controversies that arise regarding Targretin is the possible mechanism of action of this agent. It has been reported that Targretin can reduce the expression of COX-2 protein in normal mammary epithelium and tumors (15) . The implication is that inhibition of COX-2, although perhaps indirectly, may be a significant target. In Table IV , we have compared the efficacy of Targretin and NSAIDs/COX-2 inhibitors in various animal models. As shown, there is virtually no overlap. Thus, Targretin is highly effective in various mammary models, while NSAIDs/ COX-2 inhibitors demonstrate limited activity. In contrast, both NSAIDs and celecoxib are profoundly effective in the urinary bladder (naproxen and celecoxib), AOM colon (celecoxib, naproxen and piroxicam), Min mouse intestine model (piroxicam, celecoxib, naproxen and sulindac), and in the head and neck model (piroxicam, celecoxib and NO-naproxen) (27) . Targretin was relatively ineffective in all these models. One of the great difficulties in determining the mechanism of action of Targretin in various organs is that, unlike COX-2 inhibitors, Targretin interacts with different nuclear receptors in various organs and likely functions by different mechanisms in different target organs. The data in Table IV also re-emphasize the fact that no single agent or class of agents is likely to be a profoundly effective preventive agent for all types of epithelial cancers.
